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Introduction {#sec1}
============

More than 50% of solid tumors including lung adenocarcinoma (LUAD) and nasopharyngeal carcinoma (NPC) are treated by radiotherapy (RT). However, to enhance the RT efficacy it remains urgent to invent effective targets to eliminate the acquired resistance in treated tumor cells ([@bib20], [@bib2], [@bib3]). Among the major signaling pathways dominated in cancer cells, the activation of receptor tyrosine kinases (RTKs) has been identified to be the most frequent oncogenic event that drives proliferation and malignant phenotype in tumor cells ([@bib6]) and the activated EGFR is tightly associated with tumor response and prognosis after RT ([@bib21], [@bib18]). Targeting RTK suppresses tumor growth and synergizes the efficacy of RT ([@bib5]). Although recycling of EGFR via endosomal pathway is able to enhance oncogenic potency and tumor aggressive phenotype ([@bib35], [@bib38]), the mechanism of EGFR recycling underlying tumor adaptive radioresistance remains unsolved.

Both the endocytosis and recycling of EGFR could be enhanced when it is combined with its ligand EGF or under stress condition ([@bib9], [@bib36]). However, it is unclear how the two processes are coordinated in EGFR-targeted therapy using small molecule tyrosine kinase inhibitors (TKIs) or EGFR-specific antibodies ([@bib12], [@bib34]). To treat tumors with the acquired resistance to TKIs, RT among the others is a choice especially for treatment of local lesions. It has been identified that after endocytosis, the ligand-bound EGFR is arrested in the endosomes via p38/MAPK, which has been linked with the cell death induced by UV, TNFα, or cisplatin ([@bib45], [@bib37]). However, the mechanism regulating the traffic and recycling of EGFR in RT-induced tumor adaptive resistance remains elusive.

Rab25, a member of the Rab11 family, predominantly expresses in epithelial cells and plays a key role in recycling of endosome compartment ([@bib17]). Enhanced GTPase activity is detected in Rab25 compared with other recycling-endosome-related Rab proteins ([@bib7]). Accumulating evidence suggests that Rab25 is actively involved in carcinogenesis and aggressive phenotype of tumors ([@bib10], [@bib13]) and inhibition of Rab25 reduces the aggressive growth in cancer cells ([@bib31]). Integrin α5β1 is reported to transport by Rab25-positive endosome ([@bib8]). Rab25 collaborated with CLIC3 to recycle α5β1 in cells of pancreatic ductal adenocarcinoma to promote tumor aggression ([@bib13]). Although both Rab25 and EGFR are suggested to be involved in tumor response to therapies with gefitinib and migration ([@bib22], [@bib24]), the interplay between these two factors in signaling tumor acquired radioresistance is to be investigated.

Using radioresistant tumor models from two human cancers mostly treated by RT, this study revealed a previously unknown mechanism by which Rab25 enhances the aberrant transportation of EGFR in radiation-adapted cancer cells. Rab25 is overexpressed in the radioresistant cancer cells and in radioresistant xenograft tumors treated by *in vivo* RT and correlated with poorer RT response and disease-free survival rate. High expression of Rab25 in the radioresistant cells enhanced the transportation of EGFR to cell surface upon ligand stimulation, and blockage of Rab25 reduced the clonogenicity and aggressive phenotype of radioresistant cancer cells. These provide the evidence indicating that Rab25 plays a critical role in radiation-induced aberrant transportation of EGFR, and thus the Rab25-EGFR pathway is a potential therapeutic target to re-sensitize radioresistant cancer cells.

Results {#sec2}
=======

Rab25 Is Correlated with Tumor Response to RT {#sec2.1}
---------------------------------------------

To identify key factors associated with NPC radioresistance, a profile of 84 cell death-related genes (Qiagen) was analyzed in CNE2R versus its wild-type counterpart CNE2 ([@bib16], [@bib27], [@bib15]). This pair of cells showed different morphology, EMT potential, and radiation-induced apoptotic cell death ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C). Among the short list of genes upregulated in radioresistant NPC cell CNE2R, Rab25, the only protein involved in cargo recycling, showed a 7-fold increase in comparison with CNE2 cells ([Figure S1](#mmc1){ref-type="supplementary-material"}D). The enhanced Rab25 protein levels were then further identified in CNE2R and in three radioresistant LUAD (A549R, H358R, and H157R) cells [@bib39] ([Figure 1](#fig1){ref-type="fig"}A) and two chemo-resistant cancer cell lines, ovarian cancer SKOV3R and NPC CNE1-TR cells [@bib19], [@bib43], [@bib44] ([Figure S3](#mmc1){ref-type="supplementary-material"}A). We also observed a significant increased expression of Rab25 in lung xenografts that received one dose of radiation ([Figure 1](#fig1){ref-type="fig"}B), suggesting that radiation might induce Rab25 expression.Figure 1Induction of Rab25 Is Involved in Acquired Tumor Radioresistance(A) Increased Rab25 expression in radioresistant lung cancer cells (H157R, H358R, and A549R) and NPC cells (CNE2R) derived from the surviving residues of corresponding wild-type counterparts treated by radiation with fractionated doses.(B) Schematic (top) and IHC staining of Rab25 in A549 xenografts treated with or without local irradiation, 2 Gy per day for 2 days (bottom). The average Rab25-positive cells in tumors were quantified and are shown in the right bar graph. Scale bar, 50 μm. n = 3, mean ± SD, ∗p \< 0.05.(C) Schematic diagram for establishment of radioresistant xenograft model. CNE2 cells were injected subcutaneously into the right flanks of nude mice, and when tumors reached a volume of approximately 200 mm^3^, radiotherapy was delivered to the local tumor (5 Gy per day for 2 days; total dose = 10 Gy). On day 5 after last irradiation, the tumors were removed and one part of tumor tissues was fixed for IHC analysis and another part of tumor tissues was inoculated subcutaneously into the right flank of another mouse (P1). When the volume of the re-planted tumors in the P1 mice reached approximately 200 mm^3^, radiotherapy was delivered again with the same dose, and such treatment was repeated for 11 cycles (P11). The radiosensitivity of tumors from P1 and P11 mice was measured by transplanting the tumors from P1 and P11 mice and irradiating with 5 Gy × 2 when tumor reached 200 mm^3^.(D) Representative IHC staining of Rab25 in P1 and P11tumors (left). The average Rab25-positive cells in tumors were quantified (six fields were randomly selected for each xenograft) and shown in the right. Scale bar, 50 μm. n = 18, mean ± SD, ∗∗p \< 0.01.

To elucidate why expression of Rab25 could be induced by a single dose of radiation, we assume that such a quick induction of Rab25 expression may well be mediated at a transcriptional level. Thus, we sought candidate transcriptional factors in the 500-bp promoter region of Rab25 gene by a prediction database JASPAR (<http://jaspar.genereg.net/>) and found that there were two binding sites of Stat5 in the promoter of Rab25 ([Figure S1](#mmc1){ref-type="supplementary-material"}E). As reported by us ([@bib15]) and others ([@bib46], [@bib47]), STAT5 is one of the important transcriptional factors responsive to irradiation. In CNE2R cells, expression of Stat5a or Stat5b was much higher than in CNE2 cell and could be induced by a single dose of radiation ([Figures S1](#mmc1){ref-type="supplementary-material"}F and S1G). We also observed an induction for protein levels of both Rab25 and Stat5 in CNE2 cell after a single-dose radiation ([Figure S1](#mmc1){ref-type="supplementary-material"}H). Knockdown of Stat5a and Stat5b by small interfering RNA (siRNA) in CNE2R cell dramatically decreased the expression of Rab25 ([Figure S1](#mmc1){ref-type="supplementary-material"}I). The above results suggested that Stat5 might be an important transcriptional factor for Rab25 and might regulate the radiation-induced expression of Rab25.

We constructed a radioresistant xenografts model to study whether Rab25 expression is linked to radioresistance *in vivo*. Briefly, we injected CNE2 cells subcutaneously into the flank of nude mice (P0), and when xenografts volume reached 200 mm^3^, we passaged the xenograft into another mice (P1). From P1 passage, xenografts were irradiated at 5 Gy two times when their volume reached 200 mm^3^. Xenografts had received a total dose of 110 Gy when we transplanted tumor for 11 passages ([Figure 1](#fig1){ref-type="fig"}C). Compared with P1 (only transplant for one passage), P11 tumor growth became non-responsive to radiotherapy after 5 Gy∗2 treatments ([Figure S2](#mmc1){ref-type="supplementary-material"}A). The enhanced Rab25 immunohistochemistry (IHC) staining was observed in three of four P11 xenografts, whereas no enhanced IHC staining was detected in four P0 xenografts, demonstrating that Rab25 can be up-regulated in tumors that received radiotherapy *in vivo*, or in other words, Rab25 was enhanced in radioresistant tumors ([Figures 1](#fig1){ref-type="fig"}D). In addition, the Rab25 IHC staining in sham P4 tumor (just transplanted for four passages without irradiation) was not increased, suggesting that transplantation alone might not induce Rab25 expression ([Figure S2](#mmc1){ref-type="supplementary-material"}B).

To further examine Rab25-mediated tumor aggressive phenotype, IHC staining of Rab25 was conducted on 101 tumor tissues of patients with NPC who received upfront standard radiotherapy in Xiangya Hospital in recent 5 years. According to the treatment outcomes evaluated using magnetic resonance imaging (MRI) and the Response Evaluation Criteria in Solid Tumors (RECIST) used in the clinic, patients were categorized into three groups: complete response (CR), partial response (PR), and stable disease (SD). Rab25 expression was then evaluated in these three groups. All 17 SD samples (100%) and 33 of 47 (70.2%) PR samples showed strong Rab25 staining, whereas only 8 of 37 (21.6%) of the CR samples were Rab25 positive (score higher than 2, [Figures 2](#fig2){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}C). However, Rab25 expression was not significantly correlated with histological stage, lymph node metastasis, age, or tumor size ([Table S1](#mmc1){ref-type="supplementary-material"}), further suggesting that Rab25 is a potential biomarker for predicting the radiotherapy response. An analysis based on the Cancer Genome Atlas (TCGA) revealed that Rab25 is highly expressed in various tumors ([Figure 2](#fig2){ref-type="fig"}B and [Table S2](#mmc1){ref-type="supplementary-material"}), including LUAD, which exhibits much higher expression of Rab25 than adjacent normal tissues ([Figure 2](#fig2){ref-type="fig"}B). The data from TCGA showed that both overall survival (OS) and disease-free survival (DFS) of the patients with LUAD with high Rab25 expression had worse outcomes than those with low Rab25 expression ([Figures 2](#fig2){ref-type="fig"}C and 2D), which suggested a role of Rab25 in tumor progression and therapeutic response.Figure 2Rab25 Is Linked with Poor Prognosis and Less Responsiveness of Patients with NPC to Radiotherapy(A) RT responsiveness of 101 patients with NPC was correlated with Rab25 expression levels; clinic response of all patients was scored as complete response (CR), partial response (PR), and stable disease (SD), and expression levels of Rab25 were scored with four levels (0--4) illustrated in left. Scale bar, 50 μm. (B) Elevated Rab25 expression in a large scale of human cancers (red) compared with normal tissues (gray). The graph was generated from the GEPIA website (<http://gepia.cancer-pku.cn/>) and was based on the transcriptional level of Rab25 in an array of human cancer from multiple cohorts of TCGA study. The median expression of Rab 25 presented as transcripts per million (TPM) was chosen in each cancer type, and the case number of each cancer type was illustrated in [Table S2](#mmc1){ref-type="supplementary-material"}. Right, Rab25 expression summarized from 483 patients with LUAD and 347 normal lung tissues (mean ± SD, ∗p \< 0.05). (C) Overall survival or (D) disease-free survival of patients with LUAD generated using the log rank test based on Rab25 expression in LUAD tissues from the TCGA cohort.

Down-Expression of Rab25 Suppresses RTKs-Mediated Signaling Pathways {#sec2.2}
--------------------------------------------------------------------

RTK-mediated signaling is among the most frequently activated pathways that regulate cancer progression and therapeutic response. We observed that the content of EGFR was increased in radio- or chemo-resistant cells, whereas the downstream pathways, including Akt and Erk signaling, were hyperactive ([Figures 3](#fig3){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}A). In NPC clinical samples, the EGFR expression level and the treatment response were closely correlated in CR and SD groups ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}B), whereas the levels of EGFR and Rab25 expression was positively associated, indicating these two molecules contributed to NPC radioresponse (Pearson r = 0.4, p = 0.00005; [Figure 3](#fig3){ref-type="fig"}C).Figure 3Rab25 Is Involved in the Activation of EGFR Pathway(A) Immunoblotting of EGFR and phosphorylation status of Akt at Ser^473^ and Erk at Thr^202^ and Tyr^204^ in three pairs of lung radioresistant cells.(B) Scores of EGFR IHC staining were shown as percentage for EGFR IHC analysis with 4 as the highest and 0 the lowest expression. Representative IHC imaging were shown in [Figure S3](#mmc1){ref-type="supplementary-material"}B.(C) Co-expression of Rab25 and EGFR in 101 NPC tissues corresponding to the patients grouped as CR, PR, and SD. The intensity of IHC staining is scored from 0 to 1 (for "no signal") to 4 (for "strongest signal"). Rab25 and EGFR staining intensity from each patient was compared as two datasets in a column table. R value was calculated using GraphPad Prism software and the p value was calculated by two-tailed analysis and confidence interval is 95%.(D) The relative phosphorylation of RTKs in H358R cells and H358R transfected with siRab25. Total proteins were extracted and screened simultaneously using R&D Systems Human Phospho-Receptor Tyrosine Kinase (RTK) Array Kit. The spot intensities were quantified using ImageJ software. The values for control cells (blue box) were set as 1, and the values of siRab25 (red box) were shown relative to the control, n = 3, mean ± SD, ∗∗p \< 0.01.(E) Expression of phosphorylated EGFR, HER2, c-Met, and the associated downstream signal molecules was analyzed by PathScan RTK signaling antibody array kit in CNE2R cell (control) and CNE2R transfected with Rab25 siRNA. The spot intensities were quantified using ImageJ software. The values for control cells (blue) were set as 1, and the values of siRNA (red) were shown relative to the control. Results represent mean ± SD for three analysis. ∗p \< 0.05, ∗∗p \< 0.01.(F) Down-expression of Rab25 reduced the expression of EGFR and the activation of associated signaling pathways in radioresistant cells.

Previous studies ([@bib8]) and our current data demonstrated that Rab25 could regulate the cellular anti-anoikis ability controlled by RTK-mediated signaling. Thus, we suspected that Rab25 might regulate activities of RTKs and their downstream signaling pathways. In radioresistant cells with silenced Rab25, protein array analyses showed that the levels of some RTK molecules, including RYK, EphB6, EphB2, and Met, had significantly decreased ([Figures 3](#fig3){ref-type="fig"}D, 3E, [S3](#mmc1){ref-type="supplementary-material"}C) and the downstream signaling activation was inhibited after Rab25 suppression in CNE2R cells ([Figure 3](#fig3){ref-type="fig"}E). Furthermore, a decrease in not only EGFR content but also components of the downstream signaling pathways was verified in NPC CNE2R cell and LUAD A549R cell ([Figure 3](#fig3){ref-type="fig"}F).

Rab25 Is Involved in Endosomes Transport of EGFR {#sec2.3}
------------------------------------------------

We wondered that Rab25 may play a key role in signaling radioresistance via EGFR transportation. Using structured illumination microscopy (SIM) super resolution technology, we observed several red circles (represents Rab25 positive endosome) contained green dots (represents EGFR molecule) and red dots were co-localized with green dots ([Figure 4](#fig4){ref-type="fig"}A). We then carried out an immunoprecipitation assay using anti-Rab25 antibody in CNE2R cells and observed the association between Rab25 and EGFR ([Figure 4](#fig4){ref-type="fig"}B). To further validate their association, we performed Duolink *in situ* proximity ligation assay (PLA) and detected numerous EGFR/Rab25 interaction signals representing Rab25 in close proximity to EGFR. The signals for co-localization (red dots) were enhanced at 1 h post irradiation, suggesting radiation promoted the interactions between Rab25 and EGFR ([Figure 4](#fig4){ref-type="fig"}C).Figure 4Rab25 Binds and Prevents EGFR Degradation(A) Images of confocal microscopy of A549R cells stained with antibodies of Rab25 and EGFR and DAPI. White arrows indicate the merged signals. Scale bar of right picture is 2.5 μm.(B) Rab25 was immunoprecipitated from CNE2R cells, followed by immunoblotting of EGFR and Rab25.(C) CNE2R cells treated with sham or 5 Gy radiation for 24 h were stained with EGFR and Rab25 antibodies and subjected to Duolink *in situ* PLA. Scale bar, 25 μm. Bar diagrams, the number of interactions per cell. Mean ± SD, ∗∗p \< 0.01.(D) Images of confocal microscopy of cells stained with antibodies of EEA1 and EGFR.(E) Co-localization of EGFR and early endosome marker EEA1. Mean ± SD, ∗∗p\<0.01.(F) Immunoblotting of EGFR in CNE2R cells transfected with control or shRab25 and treated with either vehicle (0.01% dimethyl sulfoxide) or 10uM cycloheximide (Chx) for the indicated time.

To characterize the effect of Rab25-positive endosomes on EGFR intracellular endosome distribution, we analyzed the co-localization rate of EGFR with early endosome marker EEA1 in radioresistant cells after downregulating Rab25. Rab25 knockdown led to a significant reduction of EGFR in EEA1-positive early endosomes ([Figures 4](#fig4){ref-type="fig"}D and 4E), implying that Rab25 might prevent EGFR degradation by routing EGFR to EEA1-positive early endosomes. Consistently, when treating cells with cycloheximide (CHX) to inhibit EGFR synthesis, we observed that the half-life of EGFR was shortened in Rab25-depleted cells ([Figure 4](#fig4){ref-type="fig"}F). These results suggest that Rab25-positive endosomes transport EGFR away from late endosomes to prevent its degradation and to maintain active signaling.

Rab25 Transports EGFR onto the Cell Surface upon EGF Stimulation {#sec2.4}
----------------------------------------------------------------

Next, we examined whether high expression of Rab25 could enhance the membrane content of EGFR. The radioresistant cancer cells exhibited higher level of EGFR on cell surface than that on parental cells ([Figure 5](#fig5){ref-type="fig"}A), and EGFR immunostaining of Rab25-knockdown CNE2R cells showed that Rab25 knockdown caused significant reduction of membrane distribution of EGFR ([Figure S4](#mmc1){ref-type="supplementary-material"}A). Then we tracked the membrane content of EGFR at different times after stimulating cell with EGF. The membrane content of EGFR in CNE2R or A549R cells was consistently much higher than that in parental cells after EGF stimulation ([Figure 5](#fig5){ref-type="fig"}B). In addition, overexpression or knockdown of Rab25 markedly impacted the tyrosine phosphorylation of EGFR ([Figures 5](#fig5){ref-type="fig"}C and 5D), further indicating that Rab25 influenced EGFR activity.Figure 5Rab25 Enhances EGFR Recycle and Increases Cell Surface Content of EGFR(A) Immunoblotting of EGFR on cell surface in A549 and A549R cells. PMCA1 was used as plasma membrane loading control, and Hsp90 was used as cytosol protein control.(B--D) (B) The kinetics of ligand-induced internalization of EGFR in radioresistant CNE2R cell or A549R cell. Phosphorylated tyrosine (p-Tyr) was immunoprecipitated from CNE2R cells with knockdown (C) or overexpression (D) of Rab25, followed with immunoblotting of EGFR.(E) Endocytotic rate of EGF in CNE2R cell or CNE2R cells with down-expression of Rab25. The amount of alex-488 conjugated EGF was quantified by flow cytometry.(F) Quantification of the cell surface content of EGFR in cells or in cells with down-expression of Rab25. EGFR cell surface content was performed every 5 min after stimulation with 1 ng/mL EGF. Right, flow cytometry analysis at each time point was plotted as histogram.(G) Left, cell surface EGFR recycling rate in H358 or H358R cells pretreated with 1 ng/mL EGF for 10 min before which cells had been starved for 6 h. Right: flow cytometry analysis at each time point was plotted as histogram.(H and I) (H) Cell surface EGFR recycling rate in CNE2 and CNE2 cells stably transfected with Rab25 or in ovarian carcinoma taxol-resistant SKOV3R cells with knockdown of Rab25 (I). Mean ± SD, ∗∗p \< 0.01.(J) EGF-induced activation of RTK-mediated signaling pathways in A549R cells and A549R with siRNA-mediated knockdown of Rab25. Cells were first incubated for 6 h in serum-free medium and then treated with 1 ng/mL EGF for indicated time.(K) Immunoblotting of radiation-induced activation of RTK pathways in A549R cells or in A549R with siRNA-mediated knockdown of Rab25. Cells were irradiated at 4 Gy.

To clarify whether membrane content alteration of EGFR mediated by Rab25 was on account of the variation in ligand-induced endocytosis, we stimulated cells with two doses of Alexa Fluor 488-EGF (1 or 100 ng/mL) to monitor EGF uptake in CNE2R cells with or without Rab25 knockdown. Flow cytometry analysis showed that, regardless of the EGF concentration, no difference of the rate of EGF uptake was observed between the two types of cells, indicating that Rab25-mediated regulation of the membrane EGFR content was not due to a variation in the coated vesicle formation rate ([Figure 5](#fig5){ref-type="fig"}E). The membrane content of EGFR was decreased when we knockdown Rab25 in CNE2R or A549R cell ([Figure 5](#fig5){ref-type="fig"}F), which was supported in other therapeutic-resistant cell lines, including radioresistant H358R and H157R LUAD cells and Taxol-resistant ovarian carcinoma SKOV3R cells ([Figures S4](#mmc1){ref-type="supplementary-material"}B--S4E).

We then examined whether the transportation route of internalized EGFR was influenced by Rab25. A "pulse-chase" experiment [@bib26] was performed to determine the rate of recycling of internalized EGFR. Cells were incubated with a fixed concentration of EGF (1 ng/mL) for 10 or 30 min (stimulation), washed with acid to remove surface EGF, and subsequently transferred the cells back to 37°C for 10--40 min (rest). At the end of the chase, the amount of cell surface EGFR was quantified by FACS analysis. The results showed that during the "chasing phase" the surface content of EGFR in radioresistant H358R cells was quickly recovered to the original level after 10 min, whereas the content of EGFR in parental cells was only less than 60% of the original level ([Figure 5](#fig5){ref-type="fig"}G). In Rab25-overexpressing and control NPC cells, both cells had decreased by 25% of the initial value after EGF stimulation for 30 min. During the chasing phase, a small fraction of EGFR molecules was recycled to the cell surface in control cells, and the EGFR membrane content remained at a low level. In contrast, after 40 min of chasing, the membrane content of EGFR nearly reverted to the initial level in Rab25-overexpressing cells ([Figure 5](#fig5){ref-type="fig"}H). In addition, suppression of Rab25 in SKOV3R cells severely impaired the trafficking of EGFR onto the cell surface ([Figure 5](#fig5){ref-type="fig"}I). We next examined whether hyperactive EGFR signaling in radioresistant cells was dependent on Rab25 expression. After knockdown Rab25 by lenti-viral transduction of Rab25-specific shRNA in radioresistant cells, we found that the phosphorylation of EGFR and activation of Akt and Erk declined when the cells were treated with ligand or radiation ([Figures 5](#fig5){ref-type="fig"}J, 5K, and [S4](#mmc1){ref-type="supplementary-material"}F--S4H) and re-expression of Rab25 in Rab25 knockdown cells compensated the declination, suggesting that Rab25 actively participates in regulating RTK protein levels and activity in response to irradiation or ligands. Taken together, these results indicate that Rab25-endosomes are responsible for the enhanced level and activity of EGFR in therapeutic-resistant cancer cells.

Blocking Rab25 Sensitizes Radioresistant Cells with Reversed EMT {#sec2.5}
----------------------------------------------------------------

The high expression of Rab25 in radioresistant cells indicated its close association with radioresistance. FACS analysis showed an increase in the extent of apoptosis in Rab25-knockdown cells at 24 and 36 h ([Figure 6](#fig6){ref-type="fig"}A) after cells received a 4-Gy dose radiation. Colony formation assay further demonstrated that Rab25 depletion markedly suppressed the clonogenicity of CNE2R cells and A549R cells after radiation treatment, especially when the cells received a 6- or 8-Gy dose ([Figures 6](#fig6){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}A). We also examined the effect of Rab25 knockdown on radiosensitivity of radioresistant H358R cells and chemo-sensitivity of taxol-resistant CNE1-TR cells and observed that both cells became sensitive to therapeutic treatment upon Rab25 knockdown ([Figures S5](#mmc1){ref-type="supplementary-material"}B and S5C). Thus, these results revealed that Rab25 expression contributed to therapeutic resistance of cancer cells. In addition, we also employed a TKI erlotinib to treat PC9 cell to study whether EGFR inhibition could sensitize cancer cells to irradiation. After erlotinib treatment, FACS analysis showed that cells became sensitive to radiation, suggesting that TKIs treatment might increase cell radiosensitivity ([Figure S5](#mmc1){ref-type="supplementary-material"}D).Figure 6Blocking Rab25 Enhances Cell Death and Radio-Sensitization *In Vitro* and *In Vivo*(A) Apoptosis rate in CNE2R or CNE2R cells transfected with shRab25 24 or 36 h after 4 Gy radiation.(B) Clonogenic survival of radiation in radioresistant cells with shRab25-mediated knockdown. The clonogenicity was calculated by normalizing to the control cells that received 0 Gy IR, and the normalized clonogenic survival rates are shown on the bottom (n = 3, mean ± SD, ∗p \< 0. 05, ∗∗p \< 0. 01).(C) Apoptosis rate after cells cultured in ultra-low attached wells for indicated time.(D) Images and capacity of trans-well invasion (au, arbitrary units; n = 3; mean ± SD, ∗∗p \< 0.01).(E) Mammosphere formation assay (n = 3 in each group, mean ± SD, ∗∗p \< 0.01), scale bar, 50 μm.(F) Radiosensitivity of xenograft tumors generated with control and CNE2R-shRab25 cells and treated with 2 Gy at day 12 and day 13 (n = 5; mean ± SD, ∗∗p \< 0.01).(G) Representative images of IHC staining for Rab25 in NPC xenografts with or without irradiation. The average Rab25-positive cells in tumors were quantified and shown in the right bar graph. Scale bar, 50 μm. Mean ± SD, ∗p \< 0.05, ∗∗p \< 0.01.(H) Representative images of IHC staining for EGFR in NPC xenografts with or without irradiation. The average EGFR-positive cells in tumors were quantified and shown in the right bar graph. Scale bar, 50 μm. mean ± SD, ∗∗p \< 0.01.

Most cancer cells exhibit an EMT-like transition when they acquire resistance to therapies. The loss of epithelial features and acquisition of mesenchymal characteristics enable resistant cells to spread more quickly and be more invasive. We observed that, after knocking down of Rab25, the expression of EMT markers in radioresistant CNE2R cells could be reversed ([Figure S5](#mmc1){ref-type="supplementary-material"}E) and cells were sensitive to induction of apoptosis and anoikis ([Figures 6](#fig6){ref-type="fig"}C, [S5](#mmc1){ref-type="supplementary-material"}F, and [S5](#mmc1){ref-type="supplementary-material"}G) with inhibited invasiveness ([Figure 6](#fig6){ref-type="fig"}D). These observations were further confirmed in taxol-resistant CNE1-TR cells and radioresistant H358R cells transfected with Rab25-specific siRNAs, which showed increased cell apoptosis rates induced by ultra-low attachment treatment. In addition, the sphere formation ability of CNE2R cells was dramatically decreased after Rab25 knockdown ([Figure 6](#fig6){ref-type="fig"}E).

Blocking Rab25 Resensitizes Radioresistant Tumors {#sec2.6}
-------------------------------------------------

We wonder whether Rab25 is a therapeutic target to breakdown tumor radioresistance. Using *in vivo* xenograft tumors of CNE2R-shcontrol or CNE2R-shRab25 cells, we found that silencing of Rab25 gene expression significantly suppress tumor growth ([Figure 6](#fig6){ref-type="fig"}F, blue line versus green line). From day 16, the radiation-treated group of shRab25 xenografts showed an obvious reduction in tumor growth rate compared with other three groups ([Figure 6](#fig6){ref-type="fig"}F). The knockdown efficiency of Rab25 in these xenografts was confirmed using IHC staining ([Figure 6](#fig6){ref-type="fig"}G), and down-expression of EGFR ([Figure 6](#fig6){ref-type="fig"}H) was observed in xenografts knockdown Rab25. These results demonstrate that Rab25-mediated EGFR enhancement is critically required for tumor cells to survive radiation.

Discussion {#sec3}
==========

This study reveals a potential therapeutic target of Rab25-mediated EGFR enhancement in radioresistant LUAD and NPC cells. Rad25 has been linked with a poor prognosis in several cancer types ([@bib11], [@bib41]), and our current results further demonstrate a function of Rab25 in recycling EGFR, which is responsible for the acquired radioresistance in LUAD and NPC cells. Rab25 interacts with EGFR to reduce the degradation of EGFR leading to the enhancement of EGFR richness on cell surface causing an increased RTK-mediated signaling and aggressive phenotype of the radioresistant cancer cells. These findings suggest a model of Rab25-mediated EGFR recycling in acquired radioresistance, in which the formation of Rab25-EGFR conjugates in the cytoplasm is able to reduce the degradation of eternized EGFR and to recycle them to the cell surface required for the surviving tumor cells to keep the essential proliferation capacity and regrow under genotoxic stress conditions such as radiotherapy.

Although long being discovered, few studies has revealed the exact function of Rab25. The association between Rab25 and wild-type EGFR was first observed in lung cancer, where Rab25 inhibition promoted the endocytosis of EGFR and thus contributed to gefitinib sensitization ([@bib24]). Jeong et al. recently reported that Rab25-induced tumor EMT was regulated by integrin/EGFR/VEGF-A/Snail axis, suggesting Rab25-EGFR interaction plays an important role in tumor migration ([@bib22]). In this paper, we first and directly proved that Rab25 regulated EGFR content and activation by fast recycling EGFR to cell surface upon ligand or stress stimulation, adding a significant information on tumor adaptive response to therapeutic radiation. Not only EGFR content but also phosphorylation status of EGFR was influenced by Rab25 expression. EGFR recruitment into endosomes was dependent on Grb2 ([@bib25], [@bib23]), which in this study was observed to co-localize with Rab25. In addition, GAB1, a scaffold protein in amplification of EGFR-mediated PI3K activation ([@bib29]), was found in Rab25-EGFR co-localized complex, suggesting that EGFR located in Rab25-endosome was active in signaling transduction.

Rab25-mediated EGFR recycling will also provide mechanistic insights in revealing tumor acquired resistance to TKIs. EGFR TKIs alone or in combination with other treatment strategies are now the recommended treatment for patients with lung cancer harboring mutant EGFR. However, patients with mutant EGFR eventually develop acquired TKI resistance and patients harboring wild-type EGFR show poor response to first-generation TKIs and serious side effect for second- or third-generation TKIs ([@bib28]). Moreover, EGFR mutation in non-small-cell lung cancer of adenocarcinoma histology ranges from roughly 12%--47% ([@bib30]), implying that there are a lot of patients with lung cancer with wild-type EGFR who cannot benefit from TKIs treatment. Our finding that wild-type EGFR was tightly controlled by Rab25 provided a possibility to develop generation of TKIs, especially after identification of Rab25-EGFR interaction motif. In addition, we observed that other RTK-like receptors including Met, RYK, EphB2, and EphB6 were also regulated by Rab25, suggesting that Rab25-endosome might be one of the main RTK trafficking route in radioresistant cells. Considering the cross talk between different RTK members, we believed Rab25 might be a promising target for inhibiting RTK-mediated signaling pathway.

In this study, we illustrated that Rab25 was acquired for radioresistance in two major solid tumors treated by radiotherapy, which was linked with EMT enhancement and survival advantage under anchorage-independent environment. The EMT plasticity of a cancer cell is a major feature of therapy-resistant tumors. The adaptive tumor resistance and increased metastasis constitute the major failure of anti-cancer therapy causing 90% of cancer mortalities ([@bib1]) in which acquired EMT-like phenotype and enhanced survival ability are linked with RTK-mediated pathway ([@bib4]). RTK-mediated signaling pathways are often hyperactive in EMT program, which were activated by growth factors and then rendered the tight junction of cells ([@bib14], [@bib33]). The EGFR content on the cell surface is functionally important for activating EGFR downstream signaling. Here, we observed a rapid recovery of the EGFR surface level in Rab25 over-expressing cells. High expression of Rab25 greatly promotes its binding to EGFR and accelerated the recovery of EGFR content on cell membrane. Downregulation of Rab25 led to a reversal of EMT-like markers and reduced anti-anoikis ability, indicating that EMT occurrence in therapeutic-resistant cells is partially Rab25 dependent. Our current results provide new insights into the mechanisms of how therapeutic-resistant cells acquire EMT plasticity, suggesting that Rab25 is a potential effective target to block EGFR signaling and tumor proliferation.

By analyzing samples from 101 patients with NPC, we demonstrate that the expression of Rab25 in NPC was highly related to the radiotherapy response. However, the level of Rab25 expression did not seem to be associated with the histological grade, tumor size, or regional nodal metastasis. In patients with lung cancer, the same is true that high expression of Rab25 renders a poorer survival rate. The majority of patients with lung cancer are clinically diagnosed at advanced stages with a poor survival rate ([@bib40]). Particularly, these patients who lack surgical indications are recommended to receive radiotherapy ([@bib32]). For NPC, owing to its anatomical features and relative sensitivity to radiation, radiotherapy has been a first-line treatment ([@bib42]). Although radiotherapy can control local tumor, radioresistance always occurs and becomes a challenging obstacle for curative lung cancer and NPC treatment. This highlights the Rab25-dependent effect on radiotherapy efficacy in patients with cancer.

Given the importance of Rab25 and the EGFR signaling pathway in human cancers in general, Rab25 may also represent a predictive marker for the cancer radiotherapy response and a potential candidate target for enhancing therapeutic efficacy. Further elucidating the molecular mechanisms underlying Rab25 controlled activation and duration of EGFR signaling may invent additional targets for desensitization of resistant tumor cells.

Limitation of the Study {#sec3.1}
-----------------------

In this study, we found that hyperactivation of RTK-mediated signaling pathways in therapeutic-resistant cells was due to rapid recycling of EGFR mediated by Rab25. Although a positive correlation between Rab25 expression and other RTKs such as MET and IGF1R was also observed, the detailed clarification was not performed, which warrants further investigation.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods, Figures S1--S5, and Tables S1 and S2
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